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Abstract 
The dynamic cracking arrest capability is very important for pipeline in failure control. DWTT (Drop-Weight Tear Test) is 
widely applied as a standard test for evaluating crack arrest characteristics of pipelines. But for high performance pipeline steel, 
the abnormal fracture appearance is frequently observed on fracture surface of DWTT specimens and it make DWTT technique 
difficult to evaluate the dynamic toughness by the current test standard. In this study, various types of DWTT specimens of a 
commercial API-X70 pipeline steel were conducted at different temperature. The fracture appearances of specimens are 
observed. The intrinsic causes of abnormal fracture appearance are analyzed basing on the three-dimensional fracture theory. It is 
found that the dynamic propagation speed of crack in high performance pipeline steel is largely scattered. The propagation speed 
of fracture can change the three-dimensional stress constraint and lead to difference in the fracture appearance of specimen. 
Compress deformation, local thickness increase, toughness decrease and stress increase can make the crack dynamic propagation 
manner change from ductile to brittle and produce abnormal fracture appearance. The approaches to prevent or reduce the 
occurrence of abnormal fracture appearance for high performance pipeline steel are discussed in this paper. 
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1. Introduction 
Steels used in pipelines for crude oil or natural gas transmission are critically required to have high strength and 
toughness. To evaluate fracture properties of pipeline steels, various laboratory testing methods which try to closely 
correspond with full-scale fracture behavior have been developed by many investigators [Hwang et al. 2004; Sung et 
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al. 2012]. Among them, Drop-Weight Tear Test (DWTT) is most widely used. Resistance to propagation of brittle 
fracture in pipeline is related to shear area fraction (SA%) of DWTT specimens. When this value is 85% or more 
(Battelle criterion) the steel is supposed to have sufficient toughness and will not exhibit brittle fracture behavior in 
full-scale conditions. DWTT has been widely used as a standard method of evaluating the resistance to fracture 
propagation in pipelines [Nozaki et al. 1981; Hwang et al. 2004; Takahiro et al. 1995]. It is a testing method for 
evaluating the resistance to brittle fracture, therefore, brittle fracture must be initiated at the notch tip of the 
specimen. Valid specimens exhibit cleavage fracture from the notch tip with the exception being those specimens 
that exhibit ductile fracture on the complete fracture surface. Specimens shall be invalid if the facture under the 
notch is ductile and changes to a cleavage fracture [API 1996]. This fracture appearance of invalid specimen is 
called abnormal fracture appearance. Nowadays, pipeline materials have been becoming tougher than those were 
used when the DWTT method became the API standard. Abnormal fracture appearance is frequently observed in 
DWTT specimens of high performance pipeline steels. For higher toughness pipeline steel, the API standard 
recommends to use Chevron notch instead of pressed notch. However, in practice, the abnormal fracture appearance 
cannot be fully suppressed by employing the Chevron notch and the electrical discharge wire-cut notch [Yang et al. 
2008]. Such abnormal fracture appearance makes the DWTT technique difficult to utilize [Seifert 1984; Muraoka 
2002]. 
In this study, the causes of abnormal fracture appearance on the fracture surface of DWTT specimen are analyzed 
basing on the three-dimensional fracture theory and considering the coupled effects of deformation, material 
behavior and fracture on the fracture appearance of DWTT specimens of high performance pipeline steel in detail. 
Methods to evaluate the fracture surface of DWTT specimen with abnormal fracture appearance and approaches to 
prevent or reduce the occurrence of abnormal fracture appearance during drop weight tear test are discussed. 
2. Experimental materials and procedure 
The test materials used in present investigation are API X70 pipeline steels directly cut from different pipes. The 
DWTT specimens have a size of 76.2mm×305mm×B (B is pipe thickness) in transverse–longitudinal (T–L) direction 
in accordance with the API RP 5L3 specification [API 1996]. A pressed notch, a chevron notch or an electrical 
discharge wire-cut notch is machined into them. The specimens are tested at different temperatures by using the 
DWTT testing machine with maximum energy capacity of 30000 J and hammer velocity of 6.9 m/s. 
Fig. 1. (a) Normal fracture appearance; (b) Abnormal fracture appearance. 
The broken specimens from the DWTT is inspected to determine the percentage of the area that failed by shear 
fracture, called the shear appearance. For the specimens tested in this investigation, fracture appearances are 
different at different temperature, and the fracture appearance depends on test temperature, thickness and notch 
shape of specimen. The normal and abnormal fracture appearances on the fracture surface of specimens are shown in 
Fig. 1. For the specimens with normal fracture appearances which exhibit cleavage fracture from the notch tip or 
exhibit ductile fracture on the complete fracture surface, the shear area fraction (SA%) can be evaluated according to 
API RP 5L3 specification. For the specimens with abnormal fracture appearances which exhibit ductile fracture from 
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notch tip and change to a cleavage fracture, the shear area fraction (SA%) cannot be evaluated as specimens shall be 
invalid and be discarded according to API RP 5L3 specification. It is questionable that the specimens with abnormal 
fracture appearances are invalid and are discarded, as the phenomenon of abnormal fracture appearance becomes 
almost inevitable with the use of high strength steels. The phenomena of abnormal fracture appearance during 
DWTT for API X70 pipeline steels are discussed in following sections. 
3. Different types of abnormal fracture appearance on the fracture surface 
A shear crack starts from the notch, extends over some distance, and then transforms into a cleavage fracture and 
shear crack initiation is a prerequisite for the appearance of abnormal fracture phenomenon. However, this will 
occur only beyond a specific toughness level. Abnormal fracture phenomena may appear on the fracture surface of 
DWTT specimens with different thickness. Abnormal fracture phenomena can also be observed on fracture surfaces 
of DWTT specimen with different notch [Yang et al. 2008]. The abnormal fracture appearance cannot be fully 
suppressed with a chevron notch or an electrical discharge wire-cut notch, whose corresponding fracture-initiation 
load and energy can be substantially reduced.  
Fig. 2. The first type abnormal fracture appearance. 
Fig. 3.  (a) The second type abnormal fracture appearance; (b) The third type abnormal fracture appearance. 
The DWTT specimens have a long fracture path and will produce different fracture appearances during fracture. 
The abnormal fracture appearances of DWTT specimens can be classified as three types according to the causes of 
cleavage fracture on fracture surface. For the first type abnormal fracture appearance, the so-called “inverse 
fracture”, a cleavage fracture occurs near the hammer-impacted zone of the fracture surface where the width of 
fracture surface increases abruptly, shown in Fig. 2. For the second type abnormal fracture appearance, a large 
cleavage fracture zone begins from the center to the end of fracture surface, shown in Fig. 3a. The area of the 
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cleavage fracture zone is large and its residual thickness is clearly larger than the original thickness of specimen. For 
the third type abnormal fracture appearance, a larger region of cleavage fracture appears only in the center of 
fracture surface, shown in Fig. 3b. The cleavage fracture zone on the fracture surface is close to the notch and the 
residual thickness of the cleavage fracture zone is smaller than the original thickness of specimen. 
4. The causes of different abnormal fracture appearance 
4.1. The change of stress state during fracture 
The size of plasticity region near the loading point increases with the load. It extends mainly to the notch along 
ligament besides in horizontal direction. The higher the strength and toughness of steel are, the greater the fracture-
initiation load and energy of specimen are and the larger the size of plasticity region is. The closer the location to 
loading point is, the more the plasticity deformation degree is. The plasticity zone on the top of specimen is almost 
limited within the area near the hammer action as the load increases. After the load reaches the peak value of its 
load-displacement curve, the area of plasticity zone near the hammer action no longer increases. If strength and 
toughness of specimen are very high, the peak load is very large. Local pressure near the hammer action is high 
during loading, it will produce a large plasticity region in specimen below the loading point and this region may be 
close to or below neutral axis of specimen. So in high temperature, the most of the region that fracture passes 
through is the region that the material has already been greatly compressed. The material behaviors have been 
different from its original state. 
Fig. 4.  The geometry relation of deformation and displacement during drop-weight tear test. 
Hammer 
Support Support 
R=span/2 R=span/2 
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Fig. 5.  Residual thickness of the broken specimens. 
The geometry relation of deformation and displacement during drop-weight tear test is shown in Fig. 4. The 
deformation of specimen is produced mainly in the middle of span during fracture. Specimen ruptures and is forced 
through two supports. Because of the existence of the material indicated by the blacked zone in Fig.4, two halves of 
specimen must move horizontally apart each other. However, because of the friction acted by supports, the specimen 
must undergo horizontal pressure heavily when it is forced through two supports. For high toughness specimens at 
high temperature, the upside of specimen undergoes high horizontal pressure before the specimen breaks completely. 
The residual thickness of this part in broken specimen is much thicker than the original thickness, shown in Fig. 5. 
Fig. 6.  a) Pressure bending; b) Tensile bending of specimen during fracture. 
Fig. 7.  a) The impression scratched by hammer; b) The impression scratched by support. 
The first type abnormal fracture appearance appears on the fracture surface of specimens above ductile-brittle 
transition temperature, its cleavage appearance and fracture mechanism are different from that of other two types 
obviously. Because of high toughness at high temperature, the specimen fracture initiates and propagates in ductile 
mode. When the crack enters into the hammer-impacted region, the work hardening and the thickness increasing 
may not be enough to change the manner of crack propagation. The ductile fracture appearance can be observed in 
the region thickened by hammer impacting and specimen bending. Though the work hardening and the thickness 
increasing may not be enough to change the manner of crack propagation, the specimen has had much deformation. 
The stress state of specimen will change with the displacement of the hammer increasing and the fracture section 
suffers a process of pressure bending, pure bending and tensile bending before the specimen ruptures completely, 
shown in Fig. 6. This pressure makes the specimen thicker and the work hardening more serious. But this kind of 
work hardening is different from the one in the hammer-impacted region. The pressure degree of fracture section 
depends on the friction between specimen and supports.  The higher the peak load is and the larger the friction force 
N 
M 
N 
M 
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The impression as tensile bending 
The impression as pressure bending 
a b 
1596   Zheng Yang /  Procedia Materials Science  3 ( 2014 )  1591 – 1598 
is, the more the work hardening of last fracture region is.  Residual thickness of this region is larger than the original 
thickness in this type specimen obviously. The isolated cleavage zone appears in the thickened part of fracture 
surface. There is an impression scratched by support on the bottom surface of specimen. This impression can 
indicate the different phases of fracture process, shown in Fig. 7. 
4.2. The change of fracture speed 
For high toughness steel, the specimen fractures from the notch root in ductile mode. The crack is driven by the 
hammer and the elastic strain energy stored in specimen and it passes firstly through the work hardening region due 
to pressed notch. The stress at the crack tip is high and the crack propagation is fast, the energy to drive crack 
propagation is mostly the elastic strain energy in this region. The fracture will arrest or slow down as the elastic 
strain energy stored in the specimen decreases. Then the hammer acts on specimen again, the creak tip blunts and 
the elastic strain energy of specimen increases. The fracture of specimen initiates again. The fracture-initiation load 
and fracture propagation speed corresponding this phase are different from the first one. If the hammer of test 
machine is light and the ligament is long enough, the aforementioned process of crack arresting, initiating and 
propagating may repeat many times, shown in Fig. 8. Around shear appearance transition temperature, a little 
change of material behavior may make the fracture appearance change from one state to another. During 
aforementioned process of crack arresting, initiating and propagating, the fracture may reinitiate in ductile mode or 
in cleavage mode according to the stress state of crack tip, the mechanical behavior of material and the effective 
thickness of specimen. The abnormal fracture appearance produced in this manner is mainly the one of second or 
third type, shown in Fig. 3. 
Fig. 8.  The marks of crack arresting and reinitiating on fracture surface. 
5. Methods to prevent or reduce the occurrence of abnormal fracture appearance 
The abnormal fracture problem can be partially solved by inserting a sharp notch into the DWTT specimen 
instead of the conventional standard pressed notch [Seifert 1984; Ishihara et al. 1987]. A sharp notch can indeed 
reduce the fracture-initiation energy and maximal load during fracture as the region influenced by the hammer-
impacted can be reduced. But this method can only prevent or reduce the occurrence of the second type abnormal 
fracture appearance. The first type abnormal fracture appearance, which tends to become more serious as the 
material toughness of specimen increases, originates from the enhanced transverse compressive strain which is 
produced by the coupled effect of hammer compression, bending of specimen and the frictional force of test 
machine supports, at the hammer-impacted region of fracture surface before rupture. The rolling supports of test 
machine can reduce the frictional force and the transverse compressive strain of specimens during fracture. It can 
prevent or reduce the occurrence of the first type abnormal fracture appearance. The third type abnormal fracture 
appearance is caused by the change of stress state and dynamic effect during crack propagation and is impossible to 
avoid by modifying the notch shape and/or the test method. In fact, this fracture type corresponds to the intrinsic 
fracture behavior of materials and it is not justified to regard specimens exhibiting the third type abnormal fracture 
appearance as invalid and to discard them in view of the API RP 5L3 specification 
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6. Recommended methods to evaluate the DWTT specimen with abnormal fracture appearance 
The cleavage regions of the first and second type abnormal fracture appearances are caused by excessive 
compression deformation and locally increasing thickness. The transverse strain, local compression of hammer and 
specimen bending make the specimen residual thickness larger than the original thickness during fracture, shown in 
Fig. 5. They cannot occur during the fracture of a bursting pipeline, because the three-dimensional effects of the 
crack tip stresses decrease the pipe wall thickness. The fracture surface of the second type abnormal fracture 
appearance cannot be evaluated by using API RP 5L3 specification because the cleavage region has been 
compressed and its toughness has degraded. Modifying the pressed notch to a sharp notch to reduce the fracture-
initiation energy can hamper the second type abnormal fracture appearance. In the case of the first type abnormal 
fracture appearance, the cleavage fracture region is small on the hammer-impacted side and frequently lies outside 
the effective region of evaluation on the fracture surface. The specimen with this type abnormal fracture appearance 
can safely be treated as a valid specimen disregarding the abnormal fracture appearance.  
The third type abnormal fracture appearance manifests the fracture characteristic of the material itself. The speed 
of fracture and the stress state of crack tip vary during crack propagation and this can produce the change of ductile-
brittle behavior. This should be regarded as a valid specimen but the cleavage fracture in the effective region of 
evaluation should not be included in the shear area percent rating. 
7. Conclusions 
The abnormal fracture appearances of DWTT specimens can be classified as three types according to the causes 
of cleavage fracture on fracture surface. Inserting a sharp notch into DWTT specimen instead of the conventional 
standard pressed notch can only prevent or reduce the occurrence of the second type abnormal fracture appearance. 
The first type abnormal fracture appearance is produced by the coupled effect of hammer compression, bending of 
specimen and the frictional force of test machine supports, at the hammer-impacted region of fracture surface before 
fracture. The rolling supports of the test machine can prevent or reduce the occurrence of the first type abnormal 
fracture appearance. The third type abnormal fracture appearance is caused by the change of stress state and 
dynamic effect during crack propagation and is impossible to avoid by modifying the notch shape and/or the test 
method. This fracture type corresponds to the intrinsic fracture behavior of materials and it is not justified to regard 
specimens exhibiting the third type abnormal fracture appearance as invalid and to discard them. 
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